Abstract-Thermoelectric energy harvesting requires a substantial temperature difference ΔT to be available within the device structure. This has restricted its use to particular applications such as heat engine structural monitoring, where a hot metal surface is available. An alternative approach is possible in cases where ambient temperature undergoes regular variation. This involves using a heat storage unit, which is filled with a phase-change material (PCM), to create an internal spatial temperature difference from temperature variation in time. In this paper, key design parameters and a characterization methodology for such devices are defined. The maximum electrical energy density expected for a given temperature range is calculated. The fabrication, characterization, and analysis of a heat storage harvesting prototype device are presented for temperature variations of a few tens of degrees around 0
Abstract-Thermoelectric energy harvesting requires a substantial temperature difference ΔT to be available within the device structure. This has restricted its use to particular applications such as heat engine structural monitoring, where a hot metal surface is available. An alternative approach is possible in cases where ambient temperature undergoes regular variation. This involves using a heat storage unit, which is filled with a phase-change material (PCM), to create an internal spatial temperature difference from temperature variation in time. In this paper, key design parameters and a characterization methodology for such devices are defined. The maximum electrical energy density expected for a given temperature range is calculated. The fabrication, characterization, and analysis of a heat storage harvesting prototype device are presented for temperature variations of a few tens of degrees around 0
• C, corresponding to aircraft flight conditions. Output energy of 105 J into a 10-Ω matched resistive load, from a temperature sweep from +20
• C to −21 • 
C, then to +25
• C is demonstrated, using 23 g of water as the PCM. The proposed device offers a unique powering solution for wireless sensor applications involving locations with temperature variation, such as structural monitoring in aircraft, industrial, and vehicle facilities.
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I. INTRODUCTION
W IRELESS sensor networks are revolutionizing the means of monitoring in applications such as human health, vehicles, machines, and production plants [1] , [2] . In order to eliminate wiring, the standard sensor powering solution is the use of batteries, which require accessibility and periodic replacement or recharging. This is impractical for applications involving sensor locations that are difficult to access.
A promising alternative to manual recharging is energy harvesting, which uses ambient energy, in the form of relative motion, heat flow, light, or electromagnetic radiation, to deliver useful power to a wireless system such as a sensor node. Depending on size, energy source, and application, the output power for energy harvesting devices is typically in the range between microwatts and hundreds of milliwatts [3] . Reviews can be found in the literature for motion, thermoelectric, and light energy harvesting [2] , [4] - [7] .
Various thermoelectric generator (TEG) energy harvesting devices have been proposed [4] , [8] , and some have been commercialized, such as the Seiko Thermic wrist watch [9] and Micropelt generators [10] . The thermoelectric materials used in these implementations are telluride alloys, which typically give a dimensionless figure of merit ZT of around 0.8 at room temperature. ZT is defined as [4] 
where R e is the electrical resistance, K is the thermal conductance, a is the Seebeck coefficient (defined as the open-circuit output voltage per Kelvin of temperature difference), and T is the average temperature of the thermocouple. The theoretical maximum efficiency of a TEG, i.e., η TEG , can be written as a function of ZT and the temperature difference ΔT = T h − T c between its hot (T h ) and cold (T c ) surfaces [11] . Thus,
For ZT = 1, the theoretical efficiency of such telluride alloy TEGs operating at, e.g., ΔT = 20 K and close to room temperature is about 1%. This demonstrates the fact that conversion efficiency in thermoelectric harvesting is intrinsically low and highly dependent on available ΔT . Alternative thermoelectric materials have been shown to give higher ZT values. Telluride superlattice thermocouples with ZT as high as 2.5 have been demonstrated [12] , corresponding to 2% efficiency at ΔT = 20 K close to room temperature.
The vast majority of TEG devices operate where a spatial temperature difference naturally exists across the device in the environment in which the generator is located, for example, between a hot machine and a colder ambient. However, an alternative approach has been recently proposed [13] - [15] , in which a heat storage unit (HSU) is employed to transform temperature variation in time into spatial difference ΔT , which can then be exploited by a TEG. A material that changes phase within the ambient temperature variation range [phase-change material (PCM)] is used in the HSU to achieve a large energy storage density and to maximize the average temperature difference. Two prototype devices for aircraft applications, exploiting the ambient temperature variation during flights, have been 0278-0046/$31.00 © 2013 IEEE • C to −55
• C and back [13] . Samson et al. showed an energy output of 27 J from a temperature sweep from +20
• C to −22 • C and back [14] . Both devices used 10 g of water as the PCM.
In a previous paper, a numerical model of heat storage thermoelectric harvesting devices has been developed and used to study their performance dependence on HSU geometry and TEG thermal conductivity k [16] . It was shown that, for a given temperature cycle and device size, the energy output can be maximized by selecting a TEG with an optimum k value. In addition, the importance of phase change was quantified, showing that it typically provides an order-of-magnitude increase in energy output.
In this paper, a set of design rules for heat storage thermoelectric harvesting devices is proposed, including a derivation of the maximum output energy density expected from a given TEG and ambient temperature variation. A new prototype device is also presented, and its performance is analyzed using analytical expressions and numerical simulation. The results are discussed, and areas of interest for further research are identified.
II. DESCRIPTION OF DEVICE CONCEPT
The operating principle of heat storage thermoelectric harvesting can be described with reference to the device reported in this paper, which is illustrated in Fig. 1 . The HSU comprises a PCM inside a container, which provides thermal contact to one or more TEGs and is otherwise thermally insulated from the environment. The PCM-TEG thermal properties are enhanced by a bridge structure that improves temperature uniformity within the PCM. An insulation layer prevents heat leakage to the environment through the rest of the HSU surface. A finned heat sink is used on the outside TEG surface to improve thermal contact with the environment. When the environmental temper- ature fluctuates, heat flows in and out of the HSU through the TEGs, resulting in generation of electrical energy. The energy output of the harvesting device can be collected, stored, and distributed by a power management system.
In comparison with conventional thermoelectric harvesters, optimization of performance has a critical difference. In cases where a TEG is used to exploit a local temperature difference directly, the energy source can typically be approximated as a limitless supply of heat at constant temperature, with the input temperature to the TEG affected only by the finite thermal conductance of the source structure, not by the loss of energy through the TEG. Consequently, maximization of energy output requires maximization of the product of heat flow and TEG efficiency. Taking into account the approximately linear variation of η TEG with ΔT , simple calculations show that the TEG thermal resistance should match that of the rest of the thermal path between the high-temperature source and the ambient. Thus, optimum operation in direct thermoelectric harvesters occurs when the temperature difference across the TEG is ΔT /2, analogous to load matching in electrical power transfer. This thermal resistance matching requirement is illustrated in Fig. 2(a) .
On the contrary, in heat storage thermoelectric harvesting, the total available heat energy is limited, and hence, maximization of conversion efficiency rather than output power is required. Consequently, a TEG with as large a thermal resistance as possible is desirable. An electrical analogy of this effect can be found in the discharge of a capacitor into a resistive load, through its own series resistance. As opposed to the case of power transfer from a voltage source where resistance matching is required, in the case of a capacitor discharge, maximization of the load resistance is required. This is illustrated in Fig. 2 (b).
It should be noted that an upper limit to TEG thermal resistance is imposed by the environmental temperature variation period, so that the device manages to fully complete the given temperature sweep. A quantitative discussion of TEG thermal conductivity optimization was presented in [16] .
III. DESIGN CONSIDERATIONS
In order to design a device for a particular application, a group of key parameters must be considered. The nature of the application will determine the temperature cycle characteristics, namely, temperature range, rate of change, and cycle period.
In the selection of the PCM, phase change within the available temperature range must be ensured. Specific heat capacity c p and phase-change energy E PC should be maximized, and a sharp phase change is desirable. High thermal conductivity k is required to minimize temperature gradients within the PCM. For this purpose, additives to enhance k or thermal bridge structures may be essential.
The PCM container structure must provide good thermal contact between the PCM and the TEG unit and minimize simultaneous heat leakage to or from the environment through non-TEG paths. Thus, minimization of the HSU surface area that is not covered by TEGs and the use of highly insulating materials such as polyurethane foam or polystyrene are required. Internally, the container may include a heat sink structure as a thermal bridge. In addition, it is desirable that the internal surface is such that it does not induce phase-change nucleation, which may lead to nonuniform PCM freezing.
Finally, as previously discussed, a TEG with low thermal conductivity k TEG is desirable. In particular, k TEG should be much lower than the thermal conductivities of the PCM and heat sinks/bridges to maximize the ΔT that is applied across the TEG. Furthermore, depending on the ambient temperature cycle profile, a low k TEG is beneficial as it increases the time lag between exterior and interior temperature change and, hence, increases ΔT . However, k TEG should be substantially higher than the thermal conductivity of the insulation used to minimize the loss through heat leakage and high enough to ensure a complete phase-change cycle within the temperature cycle period. The geometry of the TEG and the HSU, particularly their thicknesses, must be taken into account in the calculation of suitable k values. The desirable characteristics of each constituent part of the device are summarized in Table I .
IV. THEORETICAL ANALYSIS
Here, a theoretical model for heat storage thermoelectric harvesters is developed with the following simplifying approximations.
• The temperature inside the HSU is uniform.
• Only the PCM contributes to heat capacity.
• Thermal conductivities are independent of temperature.
If R is the thermal resistance between the interior and the exterior of an HSU with heat capacity C and latent heat L, then 
where ΔT = T out − T in is the difference between outside and inside temperatures. Combining (3) and (4) gives a differential equation for ΔT , for NPC operation, i.e.,
For linear time variation of T out , i.e., T out (t) = b · t + T out (0), an analytical equation for ΔT during NPC operation can be derived, i.e.,
The first term on the right side of (6) corresponds to the exponentially decaying ΔT that would result from an initial temperature difference; the second term originates from the T out change and approaches the limit b · RC. During phase-change operation, T in is constant, and therefore, ΔT is the sum of any initial condition ΔT (0) and the variations in T out , i.e.,
From the above equations, analytical expressions for heat, heat flow, and HSU temperature can be readily derived. To find the total electrical energy E out produced by the TEG, heat leakage must be taken into account. If δ ·Q is the portion ofQ that flows through the TEG, then
Here, the use of (2) for TEG efficiency should be discussed. During operation, the Seebeck and ohmic effects of a thermocouple affect the heat flow at the hot junction such that for TEG current I [11] 
Under typical operating conditions, these phenomena increase the effective heat conductivity of the device. TEG efficiency is defined as electrical output power over thermal input power (I 2 · R LQh ), where R L is the resistive load connected to the TEG. Defining resistance ratio μ = R L /R e , the following general expression for η TEG can be written:
Maximum efficiency is obtained for μ = √ 1 + ZT h , yielding (2). This optimum point is different from the maximum power delivery point for a TEG, which is obtained for μ = 1. For ZT values around 1 and TEG ΔT around 30
• C, the corresponding efficiency difference is approximately 6%. However, this difference becomes more substantial for higher T and ΔT values and should be taken into account in the design and characterization of TEG devices.
The ZT and ΔT values expected for the cases presented in this paper correspond to efficiency differences less than 5% due to this effect. Therefore, device characterization is performed with load matching, and the corresponding power output can be written as
It is shown in Section IX that the extraction of an effective value for the Seebeck coefficient is possible from this equation, offering a more direct quantification of the performance of such devices.
V. MAXIMUM POSSIBLE OUTPUT ENERGY
The maximum energy that can be harvested from a heat storage device can be calculated, for a given ambient temperature sweep, from the total available heat energy and the maximum possible TEG efficiency. For this calculation, zero heat leakage (δ = 1) and a linear approximation of (2) for η TEG is used, i.e.,
Combining (8) and (12) gives
If an HSU is exposed to an ambient temperature change from T min to T max (= T min + Θ) and back (one full cycle), the heat energy exchanged between the HSU and the ambient during each half cycle will consist of temperature change energy Θ · C, where C is the PCM heat capacity, and PCM latent heat L. The total heat energy exchanged is thus
It should be noted that Θ is, by definition, the total change in time of the ambient temperature and should not be confused with ΔT , which is the temperature difference across the TEG. It is assumed that heat capacity C is constant, that phase change occurs within the given temperature cycle, and that enough time is provided so that the PCM reaches the upper and lower values of the temperature cycle, i.e., reaches steady state.
Higher ΔT values are obtained for an abrupt T out profile, such that T out instantly switches from a minimum T min to a maximum T max and subsequently back, with enough time between transitions (t o ) for T in to stabilize. Such a profile offers maximum efficiency and output electrical energy for a given Θ.
Regardless of when the phase change occurs in such a temperature cycle, the ΔT at which the [nonlatent (NL)] heat energy Θ · C will be transformed will be determined by the first term of (6), as T out is constant, and hence, b = 0, and ΔT (0) = Θ. Therefore, the maximum energy that can be harvested from the NL heat of each half cycle will be
which, using (12), can be written as
The physical meaning of this result is that the maximum efficiency during the transformation of the NPC heat energy is η TEG (Θ/2). In other words, the maximum possible average ΔT during NPC is half the total available temperature range Θ.
If T PC is the phase-change temperature, then latent heat energy L will be transformed at ΔT = T max − T PC during the first half cycle and at ΔT = T PC − T min during the second half cycle. This gives, again, an overall average of Θ/2. Therefore, the maximum electrical energy that can be harvested from latent heat during a full cycle is
In conclusion, the maximum energy that can be harvested by a heat storage thermoelectric harvester of heat capacity C and latent heat L, from an ambient temperature cycle of change Θ, is the sum of (15) and (16), i.e.,
Thus, the overall maximum efficiency is simply the TEG efficiency for Θ/2.
Equations (12)- (17) were used to calculate the maximum electrical energy per unit mass of heat storage material available from a TEG. The simulated results using (2) and (17) are plotted in Fig. 3 as a function of ambient temperature variation, for different TEG figures of merit, using L/m = 334 kJ/kg, and C/m = 4.2 kJ/(K · kg), where m is the PCM mass. Water was chosen as the PCM because its heat storage properties are superior to other heat storage materials, which are typically saltbased or organic solutions.
VI. NUMERICAL MODEL
While analytical equations for temperatures, ΔT , heat, and electrical output can be calculated from the above analysis, the solutions are of different form for heat flow during phasechange and NPC operation. It is therefore more practical to implement the solution numerically.
During NPC, the combination of (2) and (3) giveṡ T in = ΔT /RC. During phase change, T in is constant. To determine heat flow, (4) can be applied in both modes. In a discrete formulation, from any state of the system [T in (n), T out (n), Q(n)], the next state [T in (n + 1), T out (n + 1), Q(n + 1)], after time step Δt, can be calculated using the following equations:
For any given ΔT (n), the corresponding η(n) can be calculated from (2) . Using (4), the electrical power output can be calculated, giving
The system comprising (18)- (20) derived by fitting measured voltage data as a function of ΔT , to obtain an effective Seebeck coefficient α 0 = V open /ΔT for a given device. This coefficient can then be used along with other device parameters to predict performance for various ambient temperature profiles. This method will be used to analyze the performance of the prototype device presented in the following sections.
VII. DEVICE FABRICATION
The harvester HSU comprises a custom-made aluminum alloy (Dural) waterproof container, 23 g of distilled water as the PCM, and a thermal insulation box. The metal container has outer dimensions of 60 × 30 × 30 mm and 2-mm-thick walls and includes two internal thermal bridges to improve temperature homogeneity. Its mass is 65 g, and its internal volume is 30 cm 3 . Sealing is achieved by a gasket sealant applied between the box and a lid that is secured by screws. A hot-wire-shaped extruded polystyrene box with 2-mm-thick walls is used for insulation.
Two off-the-shelf TG12-2-5 (by Marlow Industries Inc.) TEGs were used. Each has a size of 30 × 34 × 4 mm, with thermal resistance of approximately 3.6 K/W, corresponding to a thermal conductivity of 1.1 W/m · K. The figure of merit ZT and series resistance of each TEG are 0.72 and 5 Ω (±10%), respectively, as quoted by the manufacturer. This was confirmed by TEG impedance measurements, which demonstrated a resistive behavior with a change of 10% over the temperature range investigated during operation. The TEGs were attached to the Al container surface by thermal grease. Photographs of the container and the assembled device are shown in Fig. 4 .
Measurements were performed by applying a temperature sweep profile to the surrounding environment. During tests, the device was positioned inside a chamber for the cooling-down phase and removed for the warm-up phase. A diagram of the test setup is shown in Fig. 5 . The environmental and PCM temperatures were monitored using type-T thermocouples. The two TEGs were electrically connected in series, and their combined output was connected to a 10-Ω load, matching their internal resistance. The voltage across the load was monitored during the temperature sweep. 
VIII. EXPERIMENTAL RESULTS
Data provided by Airbus [17] show that, in typical flights, the temperature variation of the aircraft skin is between +20
• C and −20
• C, with a rate of change of 3 K/min [17] . Therefore, the heat storage harvester presented here was tested under similar conditions. A temperature profile and the corresponding device response are presented in Fig. 6 . The corresponding power and energy, which were calculated from the voltage measured across the 10-Ω load, are shown in Fig. 7 , along with an inset of the simulated thermal image of the device warming up.
Starting from +20
• C, T out is reduced to −14 • C at a rate of 2 K/min (min 0 to min 18 in Figs. 6 and 7) . As expected, the HSU internal temperature T in follows the temperature drop with a delay, resulting in a ΔT of around 10 K, giving an output voltage of up to 0.4 V. However, instead of remaining constant during phase change at 0
• C, T in continues to decrease to −9
• C and then abruptly increases to 0 • C. This effect was attributed to the water experiencing super-cooling, and it is undesirable because it results in a period of low ΔT and, hence, low transduction efficiency. As shown in Fig. 7 , the energy output from this interval is around 9 J. Following this supercooling period, phase-change operation occurs. Phase-change operation occurs at ΔT = −14
• C, providing a stable voltage output of 0.4 V for around 10 min (min 19 to min 29 in Figs. 6 and 7) . The corresponding energy output from the phase change is 13 J. At the end of phase change, T in continues to decrease toward T out , yielding another 5 J of electrical energy (min 30 to min 35 in Figs. 6 and 7) .
The system then slowly drifts toward −21 • C. No substantial energy output appears from this slow change, as ΔT is just a few Kelvins (min 36 to min 52).
Subsequently, T out is raised to +22
• C at an average rate of 5 K/min (min 53 to min 61) and is then left to fluctuate around +25
• C. During heating, phase change begins at T in = 0 • C, as expected. T in stays in the range 0
• C-6
• C for around 10 min. Phase change occurs at a ΔT of around 20
• C, giving a voltage output as high as 0.9 V. The harvester yields 45 J of electrical energy during this 10-min phase change. The overall energy from this temperature cycle is 105 J, 98% of which is supplied at a voltage higher than 0.2 V.
From (10) and using the average heat properties of water for this temperature range (liquid heat capacity of 4.2 kJ/(kg · K), solid heat capacity of 2 kJ/(kg · K), and latent heat of 334 kJ/kg), the total heat exchanged by the PCM during this temperature cycle is calculated to be 21 kJ. The total heat passing through the HSU also includes that from the Al [0.897 kJ/(kg · K)], yielding a total of 26 kJ. Hence, the overall efficiency of the harvester is 0.4%.
IX. DISCUSSION
Further information regarding the performance of this device can be obtained using the simulation model introduced in Section VI. The T in profile calculated from (18) using the measured T out profile as input is plotted in Fig. 6 . No parameter fitting was performed for this calculation. All parameters were independently specified; for heat capacity, the aforementioned heat properties for water and Al were used. The overall HSU resistance was determined as the total heat resistance of the two TEGs. During NPC operation, good matching to the experimental curve is observed, indicating that heat leakage and other parasitic device effects are negligible. During the first phase change, substantial deviation is seen, which could be due to water supercooling (see Section VIII). Similarly, a temperature drift during the heat-up phase change is apparent in the measurements, which is not captured by the model. It is evident from the graph that both these effects reduce ΔT during phase change and, consequently, reduce the generated voltage. The corresponding simulated energy output is shown in Fig. 7 .
A plot of the measured TEG voltage output in Fig. 6 as a function of ΔT is given in Fig. 8 . A linear correlation is observed, suggesting a constant effective Seebeck coefficient in this temperature range. Fitting of the gradient of this plot yields 42 mV/K (±1 mV/K) for two TEGs electrically connected in series (with a matched load). This corresponds to an open-circuit voltage of 42 mV/K for each TEG. As not all of the measured ΔT is actually applied across the TEGs, this coefficient should not be interpreted as a strict characteristic of the TEGs used but can be regarded as an effective Seebeck coefficient of the entire device.
For the device presented here, the effective Seebeck coefficient corresponds to a ZT of 0.38 using (1). The same result could be obtained by fitting the measured power curve, using the derivative of (8) . This method involves the TEG conversion efficiency and its corresponding expressions. The fitting of voltage rather than power was preferred here as a more direct method.
The experimental determination of the effective Seebeck coefficient allows reliable prediction of performance during other ambient temperature cycles, using the simulation model in Section VI. As an example, the device performance for a typical flight temperature cycle with Θ = 40
• C and a temperature sweep rate of 3
• C/min is presented in Figs. 9 and 10 . The total output energy is 125 J.
The linear V − ΔT behavior illustrated in Fig. 8 means that temperature cycles of the same Θ and rate of change are expected to yield the same energy, regardless of whether they are symmetric around the phase-change temperature. By simulating cases of different Θ values and the same temperature change rate, the expected energy output as a function of Θ can be found. For the device presented here, results of this calculation are shown as dots in Fig. 3 , for heating and cooling rates of 3 K/min. Energy per unit mass values were calculated here by taking only the PCM mass into account. The measured output is also shown in Fig. 3 for comparison.
Effects such as the gradual phase changes in Fig. 6 are not taken into account by the simulations, leading to the simulation overestimating the output energy. In the case shown in Fig. 6 , the total energy corresponding to the simulated voltage output is 130 J, whereas the measured output is 105 J. This suggests a 20% energy loss due to nonuniform phase change and/or supercooling.
Another important conclusion comes from the comparison of the measured energy with the simulation results in Fig. 10 . Although the simulated energy output is larger than that measured, the energy measured during the heating phase in Fig. 7 is large, i.e., at 80 J. Were this to be achieved in the cooling phase as well, the total produced would be ≈160 J, which is substantially higher than the performance anticipated for the temperature sweep in Fig. 10 . The reason for this difference is that the temperature change rate during the heating phase in Fig. 6 is much larger than 3 K/min. Indeed, the dashed simulation curve in Fig. 7 gives around 85 J of energy output during the heating phase, which is close to the measured 80 J. This agreement further supports the possibility that the deviation between simulations and measurements in Fig. 7 is due to nonuniform phase change and water super-cooling.
X. CONCLUSION
A framework of design and analysis for heat storage thermoelectric harvesting devices has been presented. The maximum output energy for such devices was calculated as a function of TEG efficiency and ambient temperature change characteristics. As a rule of thumb, a maximum of 10 J/g of PCM can be expected from state-of-the-art TEGs and expected flight temperature profiles.
A novel heat storage harvesting device has been presented, which is built for powering structural sensors in aircraft wings and fuselages. It demonstrates 105 J of energy output, using 23 g of PCM, from a typical flight temperature profile. Simulation shows that the same TEG technology and device architecture can yield up to 30% more energy, if a more homogeneous and abrupt phase change can be achieved.
An assessment of the design implemented in this prototype against the design rules set in Table I reveals that there is substantial room for improvement. In particular, the modification of the PCM properties to avoid super-cooling is foreseen as a way to increase ΔT during phase change, which may lead to energy output increase as high as 30%. An optimum HSU geometry for heat leakage minimization could allow the use of thinner insulation. Finally, the TEGs were of substantially higher thermal conductivity than the optimum, reflecting the fact that TEGs with lower k than the current state of the art are desirable.
The results of this work demonstrate that heat storage thermoelectric harvesters can provide sufficient energy for devices such as wireless sensor nodes, with reasonable device sizes. In the experimental case presented, if the generated energy of 105 J was fully used during the 80-min cycle, the average available power would be 22 mW. The use of temporal rather than spatial temperature gradients relaxes installation location restrictions, opening up possibilities for batteryless wireless sensor networks in avionics and industrial electronics.
